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The effects of elevated pressure on the Leidenfrost phenomenon 
were studied for small drops. Drop diameter histories were determined 
photographically for water and Freon-114. The pressure range covered 
reduced pressures from 1/8 to 1 for Freon-114 and atmospheric for 
water. The experimental results were compared to those predicted by 
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The first scientific investigation of the film boiling of discrete 
liquid masses was by J. G. Leidenfrost (24), a German doctor, in 1756. 
Leidenfrost noted that small spherical droplets formed on a hot smooth 
iron spoon took a relatively long time to evaporate. In his honor, the 
stable film boiling of discrete masses is termed the Leidenfrost 
Phenomenon. The surface temperature at which the minimum heat flux 
occurs on the pool boiling curve is termed the Leidenfrost Point. 
Drew and Mueller (6) first described the similarities between the 
Leidenfrost Phenomenon and the pool boiling curve. Figure 1 illustrates 
a typical pool boiling curve (the solid line) and a typical droplet 
lifetime curve (the dashed line). The pool boiling curve has been 
discussed in detail by Drew and Mueller. However, a general description 
with the accepted names of each region and a brief description of their 
mechanisms is sufficient to illustrate the similarities. 
Region I is termed the free convective regime. The heat transfer 
is governed by natural convection and no phase changes occur at the 
solid-liquid interface. Nucleate boiling occurs in Region II. This 
region is characterized by bubble formation at preferred sites on the 
hot surface and by high heat fluxes. Region III is termed the tran-
sitional film boiling regime where nucleate boiling occurs concurrently 
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film boiling occurs in Region IV. A vapor film separates the liquid 
phase from the heated surface and bubbles of vapor rise periodically 
through the liquid mass. 
Two critical points occur on the pool boiling curve: The first 
critical point, (8T) , is the temperature difference corresponding to c 
the maximum heat flux and is the upper limit for stable nucleate boil-
ing. The second critical point occurs at (8T)cf" This is the lowest 
temperature difference at which stable film first occurs and is termed 
the minimum heat flux in pool boiling. The minimum heat flux on the 
pool boiling curve is often called the Leidenfrost Point. 
The dashed line in Figure 1 illustrates the time behavior of a 
drop placed on a heated surface. In the free convection regime the 
drop wets and spreads over the surface evaporating at the liquid-vapor 
interface. Due to low temperature differences the drop may take a 
relatively long time to evaporate. In Region II, the nucleate boiling 
3 
regime, the drop receives a comparatively higher flux, hence has a more 
rapid evaporation rate and a shorter evaporation time. The evaporation 
time reaches a minimum at the point of maximum heat flux. As tempera-
ture difference increases the vapor generation at the solid-liquid 
interface increases and partly blankets the interface. This results in 
a lowered heat flux to the drop and, hence, a longer evaporation time. 
As the temperature difference increases to that of the Leidenfrost Point 
the drop and heated surface are separated by a film of vapor. Heat is 
conducted through the vapor film and drop slowly evaporates. The 
maximum lifetime of the drop occurs at this point. As the temperature 
difference is increased further the heat flux to the drop increases. 
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This is due to increased conduction and to thermal radiation. The drop 
lifetime decreases from the maximum at the Leidenfrost Point. 
The general behavior of the lifetime curve is relatively independent 
of the size of the liquid mass as .shown by Patel (26). The Leidenfrost 
Point (AT) f and AT for nucleate boiling are independent of mass. The c c 
lifetime of a drop is, however, directly related to the initial mass 
present. 
The Leidenfrost Phenomenon is a special case of film boiling. If 
the heated surface becomes partially covered with liquid through some 
set of circumstances, the liquid will continue to evaporate, supported 
on a film of its own vapor. The excess pressure generated by vapor flow 
beneath the mass integrated over the bottom surface provides the force 
necessary for support. As a large discrete mass of liquid evaporates 
the mass goes through three relatively distinct regimes as seen in 
Figure 2. The first regime is the extended mass regime. This regime is 
typified by a bubbly appearnace and an amorphous shape caused by vapor 
bubbles breaking through the liquid. The thickness of the liquid is 
relatively constant where the surface is bubble free. The action of the 
bubble breakthrough serves to enhance the heat transfer rate. As the 
liquid mass evaporates further, bubble breakthrough diminishes and 
finally stops, and a new regime appears. 
In this new regime the liquid mass becomes a recognizable drop. 
The shape of the drop is similar to a prolate spheroid with a flattened 
bottom. A characteristic sometimes observed with this regime is 
oscillatory behavior. The drop will vibrate to form multiple-sided 
geometric patterns, and will change patterns as the size decreases. 
(a.) SMALL SPHERICAL DROP 
0 
//1/ll//lll/117 




Figure 2. Drop Size Regimes 
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As the drop evaporates further the vibrations dampen and the drop enters 
its last regime. 
In the last regime the drop becomes spherical in shape. The drop 
usually remains quiescent on the surface until the liquid has totally 
evaporated. However, due to perturbations in the liquid flow field 
beneath the drop will sometimes start dancing vertically on the heated 
surface, in some cases reaching heights many times its diameter. Also 
observed in some drops is lateral movement on the surface. Many experi-
menters use a heated surface with a slight depression in the center to 
discourage the lateral movement. As the droplet gets very small and 
close to the end of its lifetime it sometimes will evaporate quite 
explosively with a discernible popping sound. 
Many investigators have studied each phase of the film boiling of 
discrete masses. Mathematical models and correlations have been 
obtained for lifetimes and heat transfer coefficients. 
Purpose 
The purpose of this work is to determine the effect of pressure on 
the film boiling of small droplets. The pressure effect is important 
·in several applications, among which are: 
1) Vaporization of fuel drops in internal combustion engines; 
2) Spray and fog cooling in nuclear reactors; 
3) Cooling of cryogenic equipment and transfer lines; 
4) Mist flow heat transfer in boiler tubes; 
5) Cooling of rocket nozzles by injection of a liquid spray. 
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Goals 
The goal of this investigation was to experimentally determine 
the behavior of small drops undergoing stable film boiling under 
pressure. The liquids used are water and Freon-114. The study covered 
a pressure range from atmospheric to approximately 500 psi. 
specific goals were: 
1) Experimental determination of droplet lifetime curves. 
2) Photographic determination of droplet diameters as a function 
of time. 
3) Comparison of the results of goals 1 and 2 to the behavior 
predicted by the Gottfried-Lee-Bell model. 
CHAPTER II 
LITERATURE SURVEY 
Until recently the bulk of the boiling research was performed at 
atmospheric pressure. The effect of pressure on pool boiling and the 
boiling of discrete masses has only been the subject of recent research. 
Due to changing technologies more attention has been given to boiling 
under pressures up to and in one case exceeding the critical pressure. 
Pool Boiling 
In the literature there is an increasing amount of work on pool 
boiling under pressure. Starting with the work of Farber and Scorah 
(14), subsequent investigators (7, 14, 22, 31, 32) have increased the 
range of pressure substantially and expanded the scope to fluids other 
than water. 
Farber and Scorah (14) studied the pool boiling of water from a 
series of wire surfaces, these being nickel, tungsten, chromel A, and 
chromel C, over a pressure from 0 to 100 psig. Their results generally 
indicate that the Leidenfrost Point decreases with increasing pressure, 
over the range of pressures and surfaces covered. They also noted 
that each surface material had distinctive maximum and minimum heat 
fluxes at each pressure studied. 
Kovalev (22) investigated the minimum heat fluxes in the pool boil-
ing of water. The author made his study on polished nichrome wires 
8 
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2.0 - 2.5 mm in diameter. The point of interest is the
 large pressure 
range of the data, 1.0 - 100 atmospheres. The correlati
on for the 




where p is the pressure in atmospheres. 
Sciance and Colver (31) investigated the film boiling
 of methane, 
ethane, propane, and butane between one atmosphere an
d the critical 
pressure. The boiling occurred on a horizontal gold-
plated cylinder 
0.811 inches in diameter in a pool of liquid. The cylin
der was heated 
electrically and the surface temperature was measured
 by thermocouples 
inside the cylinder. The minimum heat flux for film 
boiling was 
measured over a reduced pressure range 0.05 - 0.8. The
 experimental 
results were compared to Berenson's (10) expression for
 the minimum heat 
flux. The order of magnitude agreement was quite goo
d. But, below 
reduced pressures of 0.4 the expression under-predicts the
 heat flux. 
Above a reduced pressure of 0.5 the equation over-predi
cts the data. 
The temperature difference, h T . , at the minimum he
at flux were 
m1n 
also measured by Sciance and Colver. These results w
ere compared to 
Berenson's equation for the minimum temperature differ
ence for stable 
film boiling. The minimum temperature difference pea
k in the reduced 
pressure range of 0.2 - 0.3. As will be seen, this b
ehavior is similar 
to other systems. 
Film Boiling of Discrete Masses 
Atmospheric Pressure 
Much progress has been made in the study of film boil
ing of drop-
10 
lets since Leidenfrost (24) first recorded his observations. Until 
recently the bulk of the work on drops has been at atmospheric pressure 
(3, 5, 6, 16,, 17, 18, 20, 21, 23, 24, 26, 30, 36). A survey by Ball. (9) 
covers much of the literature on the film boiling of discrete masses up 
to 1967. Since that time investigatqrs have studied the film boiling 
of LNG and cryogenic fluids (6, 19, 20, 21). The film boiling of drops 
under pressure has been explo~ed only recently as discussed later. 
Mathematical models and correlations of drop behavior have been 
proposed and tested by several authors (4, 17, 28, 36). Gottfried, 
Lee and Bell (17) presented a model for the behavior of small drops 
undergoing film boiling. Satcunanathan (28) has proposed a model 
applicable to flat bottomed drops. Wachters et al. (36) derived a 
mathematical model for the behavior of flat and concave bottomed drops. 
Baumeister, Hamill, and Schoessow (4) presented a generalized correlation 
for vaporization times of drops on a hot plate in film boiling. The 
correlation covers the three different regimes of drop size. However, 
the effect of mass transfer is neglected in the correlation. A 
discussion of the actual mass transfer effects follows. 
Effect of Mass Transfer. The first quantitative analysis of the 
effect of mass transfer on droplet lifetime was described by Gottfried, 
Lee and Bell (17). In Chapter IV of thepresent work a detailed 
' . explanation of the Gottfried-Lee-Bell model is presented. Wachters (36) 
has presented a qualitative description of mass transfer effects for 
flat bottomed drops. Schoessow and Baumeister (29) have modified the 
work of Gottfried et al. to arrive at an a priori semiquantitative 
method of predicting whether mass transfer is important. A more detail-
ed description of these works follows. 
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Wachters et al. (36) studied the evaporation of water drops in 
saturated and dry atmospheres. The studies were conducted on a concave 
gold plate. The drops were photographed at short intervals to study 
the volume and rate of change of volume as a function of time. The 
results of the experimental work were compared to mathematical models 
for the saturated atmosphere case. 
Two basic drop geometries were considered in the mathematical 
models: a flat bottom and a slightly cortcave bottom. Also, included 
in the models was the effect of circulation within the drop. The data 
followed more closely the behavior predicted by the flat bottom model 
than the concave model. The authors' explanation was that due to 
vibration the concave bottomed drop had·a time averaged bottom surface 
that was essentially flat. 
In Wachters' investigation of drops boiling in a nonsaturated 
atmosphere, the drops evaporated much faster than in a saturated atmos-
phere. Thus, the evaporation rate in the unsaturated case is higher 
than the saturated case and therefore the heat transfer rate must also 
be larger than the saturated case. Wachters concludes that the 
distance between the drop and hot surface must be closer for the 
unsaturated case than in the saturated case. The evaporation rate on 
the top and sides of the drop must be larger than the saturated case 
since the total evaporation rate is larger. 
Wachters reports another experiment carried out in a dry air 
atmosphere. The plate was cooled from a temperature above the boiling 
point to a value below, with the drop remaining suspended above the 
plate. The author's explanation was that as the plate temperature 
dropped below the boiling point diffusion of vapor from the bottom 
12 
surface provided the mass flow necessary to maintain the drop above the 
surface. The pressure gradient necessary for drop support is maintained 
by diffusion as opposed to bulk flow when the plate temperature is above 
the boiling point. Wachters points out that the plate surface must be 
extremely smooth for the phenomenon to occur. Otherwise, the drop will 
contact the irregularities of the surface and go into nucleate boiling. 
The authors were able to cool the plate to a temperature of 75°C in a 
dry atmosphere and maintain a water drop floating above the plate. 
Wachters (36) states 
This may be in fact occur as long as the drop temperature 
is higher than the wet bulb temperature associated with 
the surrounding atmosphere and this will be the case as 
long as the solid surface temperature is above that point. 
However, when the temperature of the solid surface is 
decreased below the wet bulb temperature the concentration 
gradient across the outer rim of the drop bottom disappears, 
so that the spherical state will not be maintained 
(pg. 932). . 
Due to the previous phenomenon, Wachters et al. have questioned the 
previous definitions of the Leidenfrost Point. Their conclusion is as 
follows 
Hence, it appears that the definition of a critical tempera-
ture for the occurrence of the spheroidal state is rather 
difficult. The best definition would be one considering 
the collapse of a completely quiet drop. In that case the 
critical temperature for the certain liquid would only depend 
upon the roughness of the surface (pg. 933). 
Schoessow and Baumeister (29) have investigated the film boiling 
of water droplets evaporating in air, nitrogen, argon, helium, and steam. 
The tests were conducted on a stainless steel plate inside a cylindrical 
tank. 
An expression, NDC' based on the Gottfried-Lee-Bell model was 
derived to predict the importance of diffusion. NDC is basically the 
ratio of diffusive mass transfer to the mass evaporated due to 
13 
conduction into the drop. The value of NDC increases as the drop size 
decreases or as the temperature difference between the plate and the 
drop decreases. 
The decrease in vaporization time due to the diffusion contribution 
agreed fairly well with the effect predicted from Nne· The argon, air 
and nitrogen data fell close together due to the similar diffusivities 
of the systems. The evaporation time in a helium atmosphere was more 
rapid (as would be expected due to the higher diffusivity) than for the 
other systems studied. 
Film Boiling of Drops Under Pressure 
Since 1962 when Adadevoh (1) completed his work, several workers 
have investigated the vaporization of drops on hot surfaces under 
pressure, notably Temple-Pediani (33), Nikolayev et al. (26), and most 
recently Emmerson (13). A more detailed description of these investi-
gations follows. 
Temple-Pediani (33) investigated the lifetimes of fuel drops 
evaporating under pressures up to 69 atmospheres. The drop behavior 
throughout the boiling range at conditions above and below the critical 
temperatures and pressures is described. The primary interest of the 
investigation was the behavior of the fuel drops (n-hexane, n-hexadecane 
and a-methyl naphthalene) as they contacted the hot surfaces in internal 
combustion engines. The author also did subsidiary tests to examine the 
effects of the plate material on evaporation of the drops at atmospheric 
pressure. 
The equipment used by Temple-Pediani in the study was basically 
similar to previous investigators. A pressure chamber held a stainless 
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steel disc with a depression machined in the surface to hold the drop 
in view during evaporation. The chamber was pressurized with nitrogen. 
The temperature of the disc was measured with chromel-alumel thermo-
couples. The disc had a surface roughness of 8 microinches. View 
ports were provided for illumination, motion pictures and viewing. 
Temple-Pediani's results at subcritical pressures are similar to 
previous investigators. The drops show a minimum lifetime at tempera-
ture differences corresponding to the maximum heat flux in nucleate 
boiling. There is a maximum lifetime of the drop in stable film boil-
ing corresponding to the Leidenfrost Point. 
In the supercritical region the droplet lifetime falls with 
increasing temperature difference until the critical temperature is 
0 reached. At a surface temperature of approximately 60 C above the 
critical for the fuels studied the drop lifetime becomes independent 
of further increases in surface temperature. 
In the tests of surface material the aluminum and stainless steel 
plates had the same Leidenfrost Point. However, the fused quartz 
plate had a much higher Leidenfrost .Point than the metal plates. 
The film boiling of n-pentane and n-hexane droplets on a hot plate 
under pressure was studied by Nikolayev, Bychenkov and Skripov (25). 
The studies were conducted over a pressure range from 1 atmosphere to a 
reduced pressure of 0.8 in a saturated vapor atmsophere. .Various plate 
materials were used, including copper, brass, stainless steel and 
aluminum. 
The results of the study show that the evaporation rate for n-hexane 
was a maximum at a reduced pressure of approximately 0.25. The authors 
did not present any evaporation rate data for n-pentane. The data 
presented for n-hexane was for the brass plate only. 
Emmerson (13) investigated the film boiling of water drops in a 
nitrogen atmosphere up to a pressure of 75 psia. Included in the 
investigation was the effect of plate materials of different thermal 
diffusivities, these being stainless steel, monel and brass. 
For the brass and stainless steel surfaces the temperature 
difference at which the lifetime of the drops was a maximum increased 
with increasing pressure. For a monel surface the temperature 
difference for maximum lifetime was almost constant over the pressure 
range, increasing only slightly. The maximum evaporation time was 
found to be substantially independent of the thermal diffusivity of 
the surface. Emmerson found that the experimental lifetime plate 




EXPERIMENTAL EQUIPMENT AND PROCEDURES 
To conduct the experiments a test system was designed and con-
structed; it is shown schematically in Figure 3. The test system may 
be broken down into the following subsystems: the experimental cell, 
the inert gas pressurizing system, the temperature and pressure measur-
ing systems, the sample injection system, and the photographic recording 
system. 
The experimental cell was designed for operating conditions of 
1000 psia and 500°C. The main body and split ring were machined from 
316 stainless steel forgings. The test cell lid was fabricated from 
410 stainless steel plate. Detailed drawings of these parts are found 
in Figures 4 and 5. 
A depression two inches in diameter with a slope of one degree 
towards the center was machined on the inside bottom of the main body 
to keep the droplet in sight. Five thermocouple wells were drilled to 
within one sixty-fourth of an inch from the inner surface of the bottom 
of the cell. Slots were milled from the thermowells to one side of the 
cell as seen in Figure 5. Holes were drilled and tapped in the side 
of the cell for the nitrogen inlet and out.let, sample line cooling 
jacket, and gas thermocouple. An 0-ring groove was machined at the top 
of the main chamber to seal the lid. The 0-ring was Parker Seal Company 
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Figure 5. Detailed Views of Test Cell 
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originally plated with chrome, but the chrome in the test area failed by 
flaking and had to be removed. The metal in the area of the depression 
was polished to a 2-4 microinch finish as measured by a profilometer. 
The entire cell was then heated in the presence of oxygen to 
convert the highly reflective surface of the depression to a dull golden 
brown oxidized surface. The oxidation left the surface as smooth as 
before but most importantly the area where the drop would evaporate 
offered good contrast for the photographic recording. 
The lid also held the sight glass through which the evaporating 
droplets were observed. The sight glass was a fused quartz disc obtain-
ed from General Electric. The disc was pitch polished and then etched 
in a twenty percent solution of hydrofluoric acid. The disc was sealed 
in the lid by means of two Viton-A 0-rings as seen in Figure 5. A 
steel ring was used to center the disc and to prevent the retaining nut 
from being screwed onto the surface of the quartz. 
The split retaining ring was used to hold the lid to the main 
chamber. However, the 0-ring must be compressed until the two halves 
will slide over the retaining lips. This assured a tight seal between 
the lid and the main chamber as long as there was no compression set 
in the 0-!ings. 
The test cell was centered on two Hevi-Duty #54-KSS flat electric 
heating units. The units were controlled by a 20 ampere 120 volt 
Powerstat. To thermally insulate the bottom of the heating unit from 
the table three sheets of transite, separated by air gaps, were used. 
The top sheet had three adjustable screws for leveling the test cell. 
The sample injection system was designed to prevent the sample from 
vaporizing while passing through the wall of the cell. The sample line, 
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which runs from the top of the sample bomb to the interior of the t
est 
cell, was the inside "pipe" in a double pipe heat exchanger. Swage
lock 
tees and male connectors were used as connections for the jacket of 
the 
exchanger. A drawing of the exchanger may be found in Figure 6. T
he 
end of the sample line was tapered to accept standard hypodermic 
needles. To control the flow rate through the sample line so that 
a 
droplet would form slowly, a Whitey model 22RS4 micrometer handle 
needle valve was used. The valve was able to regulate the flow ver
y 
precisely due to its small orifice diameter, 0.02 inches. 
To force the liquid through the sample line, the system shown 
schematically in Figure 3 was used. The mercury slug was used to k
eep 
the nitrogen, which was at 10 psi higher pressure than the test cel
l, 
from diffusing into the liquid. The volume of the sample bomb was 
150 cc, while that of the mercury reservoir was about 350 cc. 
The inert gas pressurizing system utilized dry nitrogen to 
pressurize the test cell. A Matheson regulator was used on the gas
 
cylinder for primary regulation. A Grove Mighty-Mite, model 94-SW, 
regulator was used as a secondary control to stabilize fluctuations
 in 
the primary regulator. To control the flow of nitrogen through the
 
test cell a micrometer handle valve was used on the exit line from 
the 
test cell. A flow rate, as measured by a bubble flow meter, of 25 
standard cubic centimeters per minute was used. 
Chromel-Alumel thermocouples, 0.015 inches in diameter, were used 
for the temperature measurements because of their stability over th
e 
temperature range, their high voltage differential per degree, and 
their 
availability. Saureisen cement was used to hold the thermocouples 
in 
the walls and slots. The bead of the thermocouple was in contact w
ith 
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the metal to give a faster response time.. The thermocouple was measured 
by a Leeds and Northrup model 8687 potentiometer in conjunction with an 
ice bath reference junction. 
Pressure measurements were made on two gauges, a 1000 psig ACCO 
Helicoid and a 100 psig Marsh, for the high and low ranges, respectively.· 
The gauges were calibrated by a deadweight tester, the results of which 
may be found in Appendix I. 
To photographically record the data a system shown schematically 
in Figure 5 was used. A Bolex Hl6 Rex movie camera with a 50 mm lens 
and a 5 mm extension ring was used to film the drops during vaporization. 
A variable speed electric drive (12 to 32 fps) was used to maintain a 
constant film speed. 
For observation purposes two right angle prisms in a holder were 
used. The movie camera was aimed into one prism while the light source 
and observer utilized the other prism. 
The observer used a low power telescope to magnify the vaporizing 
drop. With the aid of the telescope the observer could actuate the 
control switch of the camera motor and light source. 
For the protection of the observer, bullet resistant glass was 
installed between the observer and the experimental apparatus. 
To analyze the data a Vanguard Instruments Corporation model M7-3-l 
motion analyzer was used. The film from the exp.erimental run was placed 
in the transport system of the motion analyzer. The image on the film 
is magnified and projected onto a ground glass screen. Direct measure-
ments may be made on the projected image by means of precision moveable 
crosshairs. The crosshairs have essentially full range of the screen 
in the x and y direction and their position is read to the nearest 0.001 
650W SEALED 









Figure 7. Schematic of Visual Observation System 
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inches. Measurements of the projected diameter of each drop is made 
for the x and y directions and averaged. The magnification of the drop 
image is determined from the image of a scale placed on the edge of the 
surface where the drop was evaporating. Comparison of the length of 
the projected image of the scale to the actua1 length gives the 
magnification. 
The Vanguard motion analyzer also provides a direct readout of 
each frame number. Thus, as the film passes through the transport 
system, each frame may be located from the initial frame number. Know-
ing the frame numbers and the number of frames per second the camera 
was running, time intervals between each frame can be determined. Thus, 
from the Vanguard motion analyzer the diameter history of a drop could 
. be reconstructed from the images on the movie film. 
An analysis of the sources of error is found in Appendix M. The 
uncertainties associated with the drop diameter and time measurements 
are discussed. 
Experimental Procedure 
Prior to heating the test cell, the surface where the drops 
evaporate was cleaned.with jeweler's rouge and Kimwipes, then rinsed 
with alcohol and dried. This procedure was necessary to insure that 
no foreigh material was present to interfere with a drop during its 
lifetime. 
The mercury reservoir was pressurized to approximately 10 psi 
over the pressure at which the run was made. This pressure differential 
was found to give the best control of the formation of a droplet. 
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Next, the test cell was assembled, and the pressurizing nitrogen 
was admitted through the inlet valve. Flow of nitrogen out of the cell 
was regulated by a micrometer handle needle valve. The Powerstat was 
turned on, and the cooling media started. After the desired temperature 
was attained, a drop was formed on the end of the needle and allowed to 
fall to the surface. Prior to the drop leaving the needle the movie 
light and movie camera were started. After the drop evaporated, the 
camera and light were stopped; and the temperature read on the 
potentiometer. The temperature was recorded and the same procedure 
was repeated with another drop. 
CHAPTER IV 
THEORETICAL DEVELOPMENT 
The development of the mathematical and physical model closely 
parallels the formulation of Gottfried-Lee-Bell as presented by Lee (23). 
The primary differences are in the analysis of the radiant heat transfer 
and the technique of solving the differential'equation. 
For the mathematical analysis of the drop, several assumptions 
are advantageous. 
1. The drop has a spherical shape throughout its lifetime. 
2. The drop is quiescent. 
3. The drop is at the saturation temperathre throughout its life-
time. 
4. The drop remains supported on a film of nonabsorbing/emitting 
vapor and does not touch the surface at any time. 
5. The temperature and velocity profiles associated with the drop 
and vapor film are fully developed at all times throughout the 
history of the drop. 
Several physical phemonena are postulated to occur simultaneously 
at the surface of the drop. On the lower half of the drop heat is 
conducted through the vapor film from the plate to the drop. Thermal 
radiation from the plate and the surroundings supplies heat to the 
entire surface of the drop. Molecular diffusion is assumed to occur 
into a stagnant medium from the upper half of the drop. 
27. 
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The basic philosophy of the model is to write the governing 
coil,Servation equations for the physical phenomena occurring at the 
surface of the drop. 
By applying the simplifying assumptions and the geometrical con-
figuration shown in Figure 8 to the conservation equations, a Iliodel can 
be constructed to predict the lifetime and history of the drop. The 
following analysis is basically the same in logic and nomenclature as 





where w1 and w2 are the overall rates at which mass leaves the lower
 
and upper surfaces, respec~ively. w1 and w2 are implicit functions of 
R and must be determined from the physical phenomena occuring at their 
respective surfaces. 
Overall Heat Balance: 
= A.' (2) 
The heat balance can be written from the heat transfer model depicted in 
Figure 9. As heat is conducted through the vapor film the vapor in 
contact with the surface is superheated to the plate temperature. Thus, 
on the lower half of the drop part of the heat from conduction is used 
to superheat the vapor and part is used to provide the latent heat of 
vaporization, A.. A.' is the sum of these two effects. 
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Figure 8. Geometry of Model 
Figure 9. Heat Transfer Mechanism for the Model 
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Q is the amount of heat due to conduction through the vapor film 
c 
to the bottom half of the drop. QRl and QR2 represent heat inputs to 
the lower and upper halves of the drop, respectively, due to the thermal 
radiation from the plate and the surroundings. Mathematical expressions 
for Qc' QRl' and QR2 are derived in following sections. 
Flow Field Beneath the Drop 
The flow field between the drop and the heated surface provides the 
pressure gradient necessary to support the drop. The flow between the 
drop and plate is caused by the vapor generated due to heat conduction 
to the bottom of the drop. To analyze the vapor flow in the gas between 
the drop and the plate the Navier-Stokes equations (11) for a Newtonian 
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The e component of the Navier~Stokes equations is omitted since there 
is no fluid motion in the 8 direction or outside forces to induce such 
motion. 
Equations (4) and (5) are too complex for solution; additional 
simplification is necessary. The equations may be simplified by an 
order of magnitude analysis as found in Appendix K. 
The results of the order of magnitude analysis yield a simplified 





Equation (6) can be integrated with respect to Z with boundary conditions 
of V = 0 at z. = 0 and Z = o. The resulting velocity profile is 
r 
V - _&£. (dP) (z2 - oZ) 
r - 2]1 dr 
Mass Balance 
(7) 
A mass balance on the vapor flowing beneath the drop may be written 
for any angle e. Consider an annulus of height o, thickness dr, and 
radius r with an incompressible vapor flowing. The material balance 
between the limits O<r<R is 
p21TroV 
r 








Substituting Equation (7) into Equation (9) and integrating yields 
_ o2gc (- dP) 
vr - 12p dr (10) 
Substituting Equation (10) irtto Equation (8) and making use of the 
geometrical relations in Figure (7) yields 
~ dP . 3 w1 (e)= 611 (- dr)(o1 + R- R cos e) R sine (11) 
Equation (11) can be integrated to give the pressure distribution 
under the drop 
6p - dP = --
1Tpgc 
(12) 
where P(8') is the excess pressure existing under the drop and P(O) is 
the excess pressure at bottom center of the drop. Utilizing the fact 
that P(TI/2) = 0, then P(O) may be found from the following integral, 





Combining Equation (13) with (12) gives 
p (8') 
1T/2 
6v f =--1Tg 
c e' 
wl (8)cos8d8 











The drop has been assumed to be quiescent on the plate; thus the 
upward force must be balanced by the weight of the drop as given by 
1f/2 
~ 7rR3 (pL-pV)g = 27rR2 f P(S') sin(S') cos(6 1 )d6 
0 
Simplifying (16) yields 
1f/2 J P(S') sin(S') cos(6')d6 
0 
Combining Equations (17) and (14) yields 
R = 9v 7r 1 . sinS' cos6'd6' 
1r/2 [ 1r/2 W (6)cos6d6 J 





w1 (e) is a function of R that is yet to be determined. An analysis of 
the heat and mass transfer processes occurring at the surface of the 
drop will give an expression for w1 (e). 
The mechanism for vapor generation on the bottom half of the drop 
may be hypothesized as being an effective heat conduction. At the 




(T -T ) p sat 
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KE(T -T t)sin6cos6d6 
w1 (6') 




= I sin6cos6d6 (20) A.' o1/R+l-cos6 
0 
The value of KE' the effective thermal conductivity for the hypo-
thetical heat conduction mechanism, is determined from the heat 
balance equation (2). 





g(p -p )A.' L V 
TI/2 
* 
INTA =I sin6"cos6"I2 (o/R, 6")d6 
0 










The integ~als in Equations (22), (23), and (24) have been evaluated 
numerically by tee (23). The results of the integrations are as follows: 
INTA (o1/R) between the limiting values of .0198 and 11,213,855 
Ln(o1/R) = 1.383204 - .398007Ln(INTA) - .010403 
[Ln(INTA)) 2 + .0003547 [Ln(INTA)] 3 (25) 
Integral t 1 (o1/R, n/2) can be evaluated analytically as follows for 
all values of o1/R. 
The total mass flow from the bottom half of the drop may be · 
expressed as 
2nR K_(T -T t) 
-~ p sa 
A.' 




The mass transfer rate, w2, from the upper half of the droplet can 
be evaluated by the following expression given by Froessling (15): 
KR 
c 1.0 + .3 Re~Sc~ (28) DAB= 
for mass transfer from spheres. If the surrounding atmosphere is still 
or nearly so, the Reynolds number, Re, vanishes and Equation (28) 
reduces to: 
(29) 
which corresponds to diffusion into an infinite stagnant medium. 
The mass transfer coefficient K can be related to the mass c 
transfer rate w2 by 
= K (mol wt)(C - C )A2 c s 00 
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(30) 
where C is the concentration of the diffusing substance. The subscripts 
s and oo refer to values at the surface and a large distance away, 
respectively. If the surrounding atmosphere is vapor free at infinity 




However, the molar concentration, C , times the molecular weight of the s 
diffusing species is the density of the vapor, P , at the surface. v 
Substituting the surface area of a hemisphere for A2 reduces equation 
(31) to 
(32) 
The value of the mass transfer rate due to diffusion, w2, from the 
upper half of the drop can now be determined from Equation (32). The 
values of w2 obtained from Equation (32) are used in the evaluation of 
the material and heat balances. 
Conduction and Radiation Heat Transfer Analysis 
The heat transfer to the lower half of the drop is by convective-
conductive and radiant transport. From the analysis of these transport 
37 
mechanisms, Qc; QRl' and QR2 are evaluated for use in Equation (2). 
Let qc be the heat flux thrt>ugh the vapor gap beneath the drop. 
Assuming the conduction to be in the Z direction only, qc is found 
from Fourier's Law 
q = K • c 
(T -T ) p sat 
0 
or in terms of the total heat Q 
c 







= Kl!.T (27rR) (_l + 1) Ln R 
sinScosede 
(o1 /R+l-cose) 
01/R + 1] 
( o 1/R ) 
Radiant Heat Transfer Analysis 
(33) 
(34) 
Due to the temperature of the plate and the walls of the test cell 
radiant heat transfer must be taken into account. To calculate the 
amount of heat input due to radiation, configuration factors for each 
half of the drop and the wall temperature must be determined as shown 
in Appendix L. 
To analyze the heat input to the droplet due to rad·iation the 
following relations for the drop and the plate can be written 
G A = 
p p 
J A F D p p p 
where G is the total irradiation, A is the area, J is the total 
(35) 
(36) 
radiosity, and F is the configuration factor. The subscripts p and D 
38 
refer to the plate and droplet, respectively. To eliminate the areas 
in (35) and (36) reciprocity is .used, i.e. 
(37) 
Equations (35) and (36) now reduce to 
(38) 
(39) 
The total radiosity, J, of the drop and the plate can be written as 
(40) 
(41) 
where E is the emissivity, p the reflectivity, and Eb is the blackbody 
total emissive power from the Stefan-Boltzmann equation. 
The net heat flux to the drop q t is expressed by ne 
(42) 
where aD is the absorptance of the drop and ED is the total emissive 
power of the drop. Equation (42) can be rewritten in terms of J and 
p 
the blackbody emissive power of the drop as follows 
substituting (40) for J yields 
p 
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= aD Fdp (e: Eb + p G ] - e:D EbD p p p p 
If p approaches zero, which is reasonable since the surface is a 
p 
dark oxidized stainless steel, the preceding equation reduces to 
(43) 
To obtain the emissivity of the drop, e:D' Kirchoff's Laws can be used 
for a gray body in thermal equilibrium, i.e. 
Thus the final form of the relation of the net heat flux to the 
drop of the plate is 
q" - a (F e:p Eb - EbD) net - D Dp · p (44) 
The E's can be calculated from the temperatures of the plate and 
the droplet and the Stephan-Boltzmann equation. FDp is obtained from 
the previous analysis of the configuration factors. The values of e: p 
is available from Weibelt (37). The value of aD is found from inte-
grating monochromatic values of a(A) as shown in Appendix·D. 
A similar analysis for the heat transfer between the surrounding 
walls of the cell and the drop can be derived. The result is similar 
in form to the equation (44). 
(45) 
Equations (44) and (45) can be evaluated from ·the temperatures of the 
wall and the plate, the physical properties and the geometry of the 
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system. The analysis for the average wall temperature as a function of 
the plate temperature is found in Appendix C. 
Computational Scheme 
From the previous analysis the final form of Equation (1) is non-
linear. Due to the non-linearity an analytical solution is impossible. 
To solve Equation (1) numerical methods must be used. 




This equation is an ordinary first order differential equation. The 
equation can be solved by the method of Runge-Kutta with fourth order 
accuracy. 
The Runge-Kutta method is an explicit method so that nothing is 
required other than the initial values of the variables R and t. The 
basic method of solution is as follows: 
B2 6t • F(Ri + ~Bl, ti + ~6t) 
B3 6t • F(Ri + ~B2, ti + ~6t) 
B4 = 6t • F(Ri + B3, ti + 6t) 
Ri+l = Ri + 1/6 (Bl + 2 • B2 + 2 • B3 + B4) 
The process is repeated for each time increment, where in the 
next step Ri+l' ti+l are substituted for Ri and Ti 
Computational Sequence 
The computational sequence is as follows: 
1) The physical properties are read and the variables 
initialized. 
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2)· The heat inputs QR1 and QR2 are calculated. The mass loss 
due to diffusion, W2, is also calculated. 
3) From the information obtained in step 2, equations (2), 
(21), and (25) can be solved simultaneously by interval 
halving for the dimensionless distance off the plate, 
(\/R. 
4) From the value' of o1/R calculated in step 3, the rate of 
mass loss from the bottom surface, W1, can be calculated. 
5) The values of W1 and W2 are now known from steps 4 and 2, 
respectively. 
6) The rate of change of drop radius is calculated from W1 
and W2. 
7) The rate of change of drop radius can then be integrated 
over the timeincrement by the method of Runge and Kutta 
as outlined previously. The results of the integration 
give the new value of the radius. These results are 
printed out. 
8) With the new value of the radius the computational sequence 
starting with step 2 is repeated. 
9) Steps 2 through 8 are repeated until the drop evaporates. 
10) Step 1 is then repeated for a new drop and set of 
conditions. Again the whole process is repeated. 
A discussion of the results predicted by the Gottfried-Lee-Bell 
model compared to the experimental data are found in Chapter V. 
CHAPTER V 
PRESENTATION AND DISCUSSION OF RESULTS 
The theoretical model can be supported by comparing the experi-
mental data to the calculated values. Droplet lifetime and instant
aneous 
diameters are two types of experimental data that can be compared t
o the 
calculated values. A subtle and indirect test of the Gottfried-Lee
-
Bell model is the effect of increasing pressure on the physical pro
pert-
ies and the effect on the computed values. 
When the plate temperature exceeded the Leidenfrost Point and the 
drops were in stable film boiling the diameter as a function of tim
e 
could be measured photographically. The experimental results are s
hown 
with the calculated values in Figures 10 through 18 for water and F
reon-
114. Only selected results are shown in the following figures, the
 
remaining results are shown in Appendices F and G. 
A total of 22 water drops were studied at atmospheric pressure ove
r 
' 0 0 
range of plate temperatures from 456 F to 685 F. Table I gives the
 
range of parameters for Freon-114. 
The instantaneous diameter versus time behavior of water is seen 
in Figures 10, 11 and 12. The remainder of the graphs are in Appe
ndix 
F. From the results shown in Figures 10 and 11 the model overpred
icts 
the diameter-time relationship as compared to the experimental data
 at 
the lower temperature differences. In Figure 12 the agreement betw
een 
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RANGE OF PARAMETERS STUDIED FOR FREON-114 
Minimum Maximum Number of 
Reduced Plate Temp., Plate Temp., Drops 
Pressure oF oF Studied 
1/8 222.8 485~6 32 
1/4 257 .o 524.3 31 
1/3 261.5 462.2 24 
1/2 279.5 516.2 40 
3/4 330.8 498.2 16 
1 316.4 425.0 17 
The improvement at the higher temperature differences as in 
Figure 12 is possibly accounted for by the relative densities of steam 
and nitrogen. The molecular weight of water is 18 and nitrogen is 28. 
Thus, the nitrogen would be more dense than the steam at the same 
conditions. The density inversion would tend to promote the water 
vapor flowing up around the top half of the drop. The enshroudment of 
the drop would retard the diffusion process and cause longer evaporation 
times. As the plate temperature increases the nitrogen tempera~ure 
follows, while the steam temperature remains constant. The nitrogen is 
less dense at the higher plate temperatures than at lower temperatures; 
thus the density inversion disappears. The water vapor no longer 
enshrouds the upper surface, diffusion occurs more readily, and the 
model and data come closer in agreement. The effect of removing the 
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diffusion term from the model is seen in Figure 11. As expected the 
data fell between the two limits, giving plausibility of the previous 
explanation. 
From instantaneous diameter versus time behavior of Freon-114 is 
shown in Figures 13 through 18. The remainder of the data is shown in 
Appendix G. At the lower reduced pressures - 1/8, 1/4, 1/3, and 1/2 -
the model tends to slightly underpredict the diameter history of the 
drops undergoing film boiling. At a reduced pressure of 3/4 the under-
prediction becomes more pronounced. The trend, however, reverses at 
Pr = 1. The model overpredicts the diameter-time relationship. A 
possible explanation of the discrepancy between the model and the data 
at high pressure may lie in the physical properties. Most of the 
physical properties are based on low pressure data. The properties 
have been extended to high pressures where the validity of the extension 
becomes quesionable, especially in the critical region. Thus, variances 
from the actual values may cause significant changes in the predicted 
behavior of droplet diameter history. 
From the instantaneous diameter versus time curves crossplots of 
droplet lifetime versus temperature difference were made. These plots 
were constructed by picking a starting diameter and finding the drop 
lifetime at each plate temperature. The intersection of the horizontal 
line from the initial diameter with the experimental and computer curves 
gives the corresponding points on the lifetime curves at that particular 
plate temperature. 
For water at one atmosphere the lifetime vs. temperature difference 
behavior is shown in Figure 19. As can be seen from the figure the. 
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differences. At the upper temperature differences the agreement comes 
to within five percent. The behavior predicted by the model at the 
lower temperature differences is possibly caused by the density 
inversion as previously outlined. 
The lifetime versus temperature difference behavior-of Freon-114 
drops is shown in Figures 20 through 25. The range of reduced 
pressures studied is from 1/8 to 1. -The overall agreement between the 
experimental data and the model at reduced pressures of 1/8, 1/4, 1/3, 
and 1/2 is good. There is a tendency to overpredict the evaporation 
time at the higher temperature differences at reduced pressures of 1/4 
and 1/3. At a reduced pressure of 3/4 the model substantially over-
predicts the drop lifetimes. The opposite behavior occurs at P = 1. r 
The model underpredicts substantially the drop lifetimes. In either 
case the data and model are not off by more than a factor or two. The 
explanation of this behavior probably lies with the prediction of the 
physical properties. Figure 26 shows the drop lifetime behavior for 
Freon-114 as a function of reduced pressure. The curves shown are those 
predicted by the model. As seen in the figure the lifetime curves 
decrease with increasing pressure. 
Figure 27 shows the Reynolds number history of Freon-114 drops at 
various reduced pressures. The plate temperatures are .maximum values 
from each experimental run. The maximum value of the Reynolds number 
was at a reduced pressure of 1 where the value was approximately 22. 
This is the highestvalue predicted by the model and is justification 
for the assumption of laminar flow in the gap between the drop and the 
plate. Turbulence would not be expected to be present except at 
Reynolds Numbers two orders of magnitude larger. 
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Figures 28 and 29 show the heat flux history of typical water and 
Freon-114 drops. At the higher plate temperatures the radiant heat flux 
is about 6 percent the conductive heat flux for water and 7 percent for 
Freon-114. The radiant heat flux drops to 3 percent for water and 
5 percent for Freon at the lower platt temperatures. 
The mass fluxes, w1 /A1 and w2/A2 j from the top and bottom halves 
of the drop are shown in Figures 30 and 31 for water and Freon-114. 
A1 is based on the projected area of the drop and A2 is the surface 
area of the upper half of the drop. For both cases of the water drops 
the mass flux due to diffusion, w2/A2 , is the same. For the entire 
temperature range of the water drops studied the mass loss due to 
diffusion predominates over w1/A1 • The mass flux from the bottom half 
of the water drops goes through,a minimum near the end of the drop 
lifetime. This behavior is accounted for by the fact that o1 , the 
clearance at the bottom of the drop from the plate, passes through a 
minimum. 
The behavior of the mass fluxes of the Freon is seen in Figure 31. 
At the higher plate temperature the mass flux from the lower surface is 
greater than the diffusive flux except near the end of the drop's life-
time. At the lower plate temperature the behavior is the same as seen 
for the water drops at the low temperature. 
Above a certain size, a drop is no longer spherical. The model, 
which was derived for spherical drops, would not be valid for diameters 
in excess of this limit. Baumeister (4) has presented a criterion for 
the sphericity of drops as follows: 
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* v (48) 
* As the reduced pressure is increased V becmn.es smaller due to lowering 
of the surface tension, o. The behavior of the maximum diameter for 
sphericity is shown in Figure 32 for Freon-114. 
The Reynolds number and drop height history for Freon-114 and water 
are shown in Figures 33 and 34. The Reynolds number goes through a 
minimum near the end of the water drop lifetime for both plate tempera-
tures. The Reynolds number is directly proportional to the mass flux, 
w1/~, from the bottom of the drop which goes through a minimum also. 
Thus, the behavior would be expected to be similar. 
The Reynolds number behavior of the Freon-114 drops is similar to 
the water drop behavior except for magnitude. Both drops show a minimum 
in the Reynolds number curve near the end of the droplet lifetime. 
The minima in the mass flux and Reynolds number curves are 
explained by the fact that o1 , the drop height, goes through a minimum. 
The minimum occurs near the end of the drop lifetime. The cause of 
the minimum in o1 is the high rate of mass transfer, w2/A2, from the 
drop. w2/A2 takes heat from the heat balance equation in the model 
which much be replaced by a higher rate of heat conduction. The heat 
conduction is increased by shortening the distance through which the 
heat is conducted. 
An analysis was made to determine the sensitivity of the Gottfried-
Lee-Bell model to variations in the thermal conductivity and diffusivity 
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of the normal values. The results of the sensitivity analysis are shown 
in Figures 35 and 36. At the lower plate temperature the model is 
insensitive to changes in the thermal conductivity as seen in Figure 35. 
The mod"el is; however, quite sensitive to changes in diffusivity. This 
is explained by the fact that the model is dominated by diffusion at 
low temperature difference.· In Figure 36 the model is not as affected 
by the variations as the lower plate temperature. The changes in the 
diameter history curve indicate that variations in diffusion and 
conduction terms are approximately of the same order of importance. 
The experimental diameter history can be compared to Lee's work 
(23). Figure 37 shows a plot of the diameter as function of time for 
water drops. The values taken from reference (23) are for a plate 
temperature of 662°F, while the present work is for a plate temperature 
of 685°F. While not the same plate temperatures exactly these were the 
closest drops for comparison. The agreement between the two is close, 
though the present data slPw a longer evaporation time even though the 
plate temperature is higher than for Lee's data. 
A qualitative comparison can be made between the present work and 
the results of Temple-Pediani and the work of Sciance and Colver. 
Sciance and Colver show aplot of the Leidenfrost Point as a function 
of reduced pressure. From Temple-Pediani ''s work a similar plot was 
constructed. These results are shown in Figures 38 and 39, respective-
ly. A plot of the Leidenfrost Point as a function of reduced pressure 
for Freon-114 from the present work is shown in Figure 40. A compari-
son of these results shows a similar behavior .even though the compounds 
are different. A peak appears at the lower end of the reduced pressure 
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peak, this may be explained by differences in compounds studied. 
In the present work there is no well defined Leidenfrost Point at 
a reduced pressure of 1. Thus a complete curve cannot be drawn. How-
ever, nucleate boiling did persist 3°C above the saturation temperature. 
The present work is an extension of the Gottfried-Lee-Bell model 
for predicting the behavior.of small drops undergoing film boiling. 
The model has been applied to two diverse fluids, in one case over an 
extreme range of pressure. In all cases the model pr~dicted the 
qualitative behavior even if not in complete quantitative agreement. 
The experimental data for water compared favorably with that of 
Lee in the one common case. The behavior of the Leidenfrost point 
agreed qualitatively with the results of two previqus works. 
CHAPTER VI 
CONCLUSIONS AND RECOMMENDATIONS 
Based on the previous discussion the following conclusions are 
drawn: 
Experimental 
1) The use of a relatively low speed movie camera to record drop 
histories was successful. This technique gives an opportunity 
to study each drop much more closely. 
2) The data points for water in common with those of Lee (23) 
compare favorably quantitatively. 
3) The Leidenfrost Point data of Freon-114 as a function of 
reduced pressure agree qualitatively with other workers. 
4) The Freon-114 data exhibit a Leidenfrost Point at reduced 
pressures up toP = .75. r 
5) Nucleate boiling was observed at_ a temperature difference of 
3°C at the critical pressure. Film boiling was also observed 
at the critical pressure. 
Theoretical 
1) The Gottfried-Lee-Bell model predicts the behavior of Freon-
114 drops qualitatively up to a reduced pressure of 3/4. At 
81 
reduced pressures of 3/4 and 1 the agreement is qualitative 
and of the same magnitude as the data. 
2) The Gottfried-Lee-Bell model predicts the behavior of water 
drops at large differences between plate and saturation 
temperatures. The model is dominated by diffusion at the 
lower temperature differences. 
3) The heat flux to the drop is dominated by the conductive-
convective heat transfer between the plate and the drop. 
The following recommendations for further work are suggested: 
1) The physical and thermodynamic properties of Freon-114 need 
to be more accurately known, especially near the critical 
region. 
2) Experimental data should be taken at pressures above the 
critical. 
3) The Leidenfrost Point should be determined more precisely at 
a reduced pressure of one for Freon-114. 
4) The theoretical model could be extended to other shapes such 
as ellipsoids. 
5) Experimental measurements of film boiling behavior of other 
fluids such as water and cryogens under pressure would be 
useful. 
82 
6) The present experimental equipment could be used to investigate 
the behavior of extended masses under pressure. 
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The vapor diffusivity is calculated, at low pressure, by the 
Slattery and Bird correlation as presented by Reid and Sherwood (13) 
pages 530. 
1 1 
2 74 10-4( +m I )2(P p )3( )-.495Tl.823 atmcm2 • x m1 2 m1m2 x T xT c1 c2 c1 c2 sec 
where m1 , m2 , P , P , T , T are molecular weights, critical 
Cl C2 Cl C2 
pressures in atmospheres, and critical temperatures in °K of the two 
gases. The temperature, T, is in. °K and P is in atmospheres. 
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At high pressures the above equation is not strictly valid. Reid 
and Sherwood (13) give an equation, derived by Enskog, to correct for 
pressure effects: 
where (n12P) 0 is the value from the Slattery-Bird correlation, Z is the 
compressibility factor, and P is the pressure in atmospheres. x is 
approximately 1.0 for many systems. The correlation only gives rough 
values for high pressures, but is is the only one available. 












VAPOR THERMAL CONDUCTIVITY 
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VAPOR THERMAL CONDUCTIVITY 
The value of vapor thermal conductivity is necessary for the 
calculation of the heat flux to the bottom of the drop. The value used 
in the calculation is an average based on the values at the plate 
temperature and the saturation temperature. 
KAVG. = (K(TSAT) + K(TP))/2 
The values of K for steam are taken from page 281 of the 1967 ASME 
Steam Tables. The values were curve fitted to the following equation 
K .6874617 x 10-2 + .3217265 x 10-4T BTU/hr ft °F 
T . OF temperature 1n . 
For F-114 Touloukian (17) presents an equation for the thermal 
conductivity at 1 atm as follows 
However, at higher pressures the thermal conductivity must be corrected 
for the effect of pressure. The method of Stiel and Thodos as given by 
Reid and Sherwood (13) page 479 was used to correct KO. The equation 
given by Touloukian was combined with the pressure correlation into a 
FORTRAN subroutine called THERMK. 
c 
c 
rHER~~L ceNOUCriVItV SUeReUriNE, F•11~ 
SUBR6UTINE THERMK(TC,PC,MW,RHev,T,zc 11<) 
REAL 1<1.11<2 
REALMW,t<e,l< 
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ANALYSIS OF TEMPERATURE DISTRIBUTION 
IN THE WALL OF THE TEST CELL 
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ANALYSIS OF TEMPERATURE DISTRIBUTION 
IN THE WALL OF THE TEST CELL 
Arpaci (2) makes an analysis of a skillet subjected to a uniform 
heat flux from below. The geometry of the test cell. and the example 
solved by Arpaci is similar. From the results of the analysis the 
temperature distribution in the wall of the test cell is obtained. Once 
the temperature distribution in known then the radiation heat transfer 









= cosh(mz) cosh(mL) 
L = length of the wall 
Z distance from the top of the wall 
o = thickness of the wall 
h heat transfer coefficient from the wall to the 
surroundings 
k thermal conductivity of the wall material 
Radiation Analysis for the Wall 
(49) 
The Stefan-Boltzmann equation for a given point x on the wall at 
temperature T can be written - w 
Eb w = ~w 
4 (50) 
where Eb is the total emissive power of the wall in BTU/hr fti °F. 
w 
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The average value of the total emissive power, Eb (Z), is approximated 
w 
by finding the weighted average value of the wall temperature. The 
analysis follows: 
6 = cosh(mZ) 
cosh(mL) 
from Equation (49). The Stefan-Boltzmann equation says that total 
emissive power at a given point is proportional to the temperature of 
that point to the fourth power. Thus, the average value of e should 
be taken weighted as the fourth power 
4 = Ll !L 6AVG 4 cosh4 (mZ) dZ cosh (mL) 
0 
1 = ---=-:----





L J cosh4 (mZ)dZ 
0 
[sinh(4mZ) + sinh(2mZ) + 3mi]"L 
32 4 s] 0 
[sinh(4mL) + sinh(2mL) + 3mL1 
[ 32 4 8 J 
0 . . 
For the typical value of K = 13 BTU/hr. ft F for stainless steel, 
2 0 o = 1", L = 2.5" and a maximum value of h = 10 BTU/hr ft F. 
mL ~ 1 
Thus, 
eAVG ~ .736 
95 
or 
T T - .736(T - T) w p p 00 
The value of the weighted average wall temperature from the 
preceding analysis can be used to calculate the total emissive power 
of the entire wall from Equation (50). 
For calculational simplicity in the radiation heat transfer analy-
sis, the lid of the test cell is assumed to behave as if it were part 
of the wall. Thus, the droplet sees two sources of radiation, the 
plate (at T ) and the surroundings, consisting of the wall and lid, 
p 
at T . w 
APPENDIX D 
INFRARED ABSORPTANCE FOR LIQUID F-114 
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INFRARED ABSORPTANCE FOR LIQUID F-114 
The average value of the absorptance, a, was found by integrating 
the data by the following equation 
A.z J a(A.)dA. 
~1. 
Due to the transmission and absorption bands the data were integrated 
over each band. The range of integration was from 2 to 14 microns. 
The average absorptance was found to be 
= .514 
The source of the data was the API Research Project 44 serial number 
1318. The data were contributed by the U. S. Navy Research Laboratory. 
APPENDIX E 
FORTRAN SUBROUTINES FOR HEAT CAPACITY AND 
SATURATION TEMPERATURE FOR FREON-114 
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HEAT cAP.CITy SUBReUTINEI F•11~ 
SuBReuTIN£ SPHT(TICP) 
CP IS tN BTU/LB• F 1 T IS IN OEG R 
99 . 
T•T/1•8 
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Pr = 1/4 TN2 = 219.2 F 
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:::t: 
0 














1.0 1.5 2.0 2.5 










Pr = 1/4 TN2 :231.8F 
.051- 1 Tp = 266.o FTsAT = 166.s F 
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0 - 3 
.04 0 
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Pr = 1/4 TN2 = 241.7 F 
.051- 1 Tp = 285.8 FTsAT = 166.5 F 
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Pr = 1/4 TN2 = 264.2 F 
.051- I Tp = 312.8 FTsAT = 166.s F 
DROP NUMBER 
0 - 9 1:::. - 10 
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Pr = 1/4 TN2 = 271.4 F 
.0511 Tp = 350.6 FTSAT = 166.5 F 
DROP NUMBER 
0 - 12 6. - 13 
0 - 14 0- 15 I <> 0 .04J- I 
(J) 
w t B c::t\o z u z 




.021- c 0 
1.0 2.0 3.0 40 5.0 






Pr = 1/4 TN2 = 294.8 F 
.0511 Tp = 383. o F TsAT = 166. s F 
DROP NUMBER 
0- 16 6. - 17 
.04L I 0- 18 

























Pr = 1/4 TN2 = 302.0 F 
.051- I Tp = 437.o F TsAT= 166.s F 
DROP NUMBER 









































Pr = 1/4 TN2 = 352A F 
Tp= 4S6.BFTsAr=166.sF 
DROP NUMBER 
















Pr = 1/4 TN2 = 372.2 F 
.05t- 1 Tp = 478.4 FTsAT= 166.5 F 
DROP NUMBER 
0- 24 6.- 25 























Pr = 1/4 TN2 = 393.8 F 
.051-l Tp = 5oo.9 FTsAr= 166.5 F 
DROP NUMBER 
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Pr = 1/4 TN2 = 413.6 F 
Tp = 524.3 FTSAT= 166.5 F 
DROP NUMBER 


















Pr = 1/3 TN2 = 235.4 F 
.051- I Tp = 261.5 FTSAT = 189.7 F 
DROP NUMBER 
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Pr = 1/3 TN2 = 249.8 F! 
.051- I Tp = 288.5 FTSAT = 189.7 F 
DROP NUMBER 
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R = l/3 ToN = 253.4 E r 2 
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Pr = l/3 TN2 = 257.0 F 
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Pr = 1/3 TN2 = 269.6 F 
Tp = 325.4 FTsAT = 189.7 F 
DROP NUMBER 
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Pr = 1/3 TN2 = 296.6 F 
.051- I Tp = 391. 1 F TsAT = 189. 7 F 
DROP NUMBER 
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Pr = 1/3 TN2 = 356.0 F 
Tp = 462.2 FTSAT = 189.7 F 
DROP NUMBER 






























Pr = 112 TN2 = 236.3 F 
Tp = 279.5 FTsAT = 225.3 F 
DROP NUMBER 





































Pr = 112 TN2 = 243.5 F 
Tp = 2a1.3 F TsAr= 225.3 F 
DROP NUMBER 
0 - 4 b. - 6 













Pr = 112 TN2 = 251.6 F 
.051- I Tp = 294.8 F TSAT = 225.3 F 
DROP NUMBER 

































Pr = 112 TN2 = 262.4 F 
.05J- I Tp = 305.6 FTsAT = 225.3 F 
DROP NUMBER 
0 - 15 
.04 0 - 16 
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Pr = 112 TN2 = 276.8 F 
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Pr = 112 TN2 = 293.0 
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DROP NUMBER 
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Pr = 112 TN2 = 309.2 F 
Tp = 356.9 FTSAT = 225.3 F 
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0 - 25 
0 - 26 




1.0 1.5 2;0 2.5 
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DROP NUMBER 
0 - 38 ~- 39 .. 
~ .04rl 























Pr = 3/4 TN2 : 289.4 F 












0 - 1 
D- 2 










------- -1 ~8 0 
0 
1.0 1.5 2.0 2.5 
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Pr = 3/4 TN2 = 339.8 F 
Tp = 428.o F TsAr= 264.9 F 
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Pr = 3/4 TN2 = 392.0 F 
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. Pr = 3/4 TN2 = 424.4 F 
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To calibrate the thermocouples a Leeds and Northrup platinum 
resistance thermometer (no. 1613906) was used. Thermocouple number 5 
was placed in a Hoskins furnace with the platinum resistance thermometer. 
The results are shown in Table II. Thermocouples 1, 2, 3, 4, and 6 were 
then cross checked against thermocouple 5. These results are seen in 
Table III. 
TABLE II 
CALIBRATION OF THERMOCOUPLE 5 




mv Temperature, C Temperature, C 
4.110 100.25 1. 3171 99.75 
4. 775 116.44 1.455847 116.37 
6.049 147.98 1.576886 147.97 
7. 775 191.13 1. 740106 191.09 
10.188 250.70 1.964382 251.25 
11.693 287.08 2.103733 289.24 
11.775 289.44 2.111500 291.37 
11.886 292.15 2.121676 294.16 
12.120 297.75 2.142578 299.90 
14.250 349.00 2.328456 351.48 
16.504 402.51 2.519110 405.31 
18.350 446.75 2.670193 448.66 
19.480 473.75 2.760999 474.02 
20.320 492.25 2.827539 494.49 
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TABLE III 
CALIBRATION OF THERMOCOUPLES 1, 2' 3' 4, 6 
Thermocouple Number 
Reading, 5 1 2 3 4 6 
millivolts .921 .921 .921 .921 .921 .920 
5.112 5.095 5.085 5.090 5.100 5.030 
6.543 6.536 6.534 6.534 6.534 6.591 
8.702 8.702 8.691 8.700 8.696 8.766 
10.759 10.776 10.756 10.774 10.774 10.845 
13.288 13.304 13.294 13.335 13.356 13.487 
16.120 16.146 16.135 16.186 16.209 16.325 
18.786 18.795 18.762 18.785 18.785 18.891 
4.050 4.050 4.050 4.050 4.046 4.060 
The experimental cell was fiiled with ethyl alcohol to a depth of 
~ inch. Heat was applied to the cell from the electric heaters. The 
temperature of the cell was lowered by reducing the heat input. As the 
alcohol ceased nucleate boiling the thermocouples were read and recorded. 








CALIBRATION IN SITU 














PRESSURE GAUGE CALIBRATION 
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PRESSURE GAUGE CALIBRATION 
A Marsh and an ACCO Helicoid gauge were used for pressure measure-
ments in the cell. The Marsh gauge had a pressure range of 0-100 psig, 
and the ACCO gauge had a range of 0-1000 psig. 
The two gauges were calibrated on a Budenburg Dead Weight Gauge, 
which has an accuracy of 0.05%. 
TABLE V 
CALIBRATION OF PRESSURE GAUGES 
Helicoid Gauge Marsh Gauge 
Dead Weight Gauge Dead Weight Gauge 
Tester psig Tester psig 
20 20 20 20 
40 41 40 40 
50 51 50 50 
60 61 60 60 
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llC FfiRMATil~• •CH.I'ICHES 1 ,9X, 'TIME,SEC'•l2X• 'Wl•LB/HR',l2XJ •;.;2,LB/HR 9•,12x, •Gc.erL;HR'•llX• •QRt,BTUIHR•,tox. •QR2•<!TU;HR'' 
READ(5J1CCiTC,PC,Mw,zc,ALPHAD 

























































































IFIRR•LT•C•CI G~Tel 999 








































CAPA•SIG~I !~ES!CAI ... ·EXl,CA) 





























































WRITTE·N II\ A•f>,•S•I• STANDARD F!:'RTRAN WRITTE• 8~ OVID .OAUTENHAHN, !I<LAH!IMA STATE UNIVERSITY THJS SUeRe"TI~E WILL FIND THE RO!IT 6F AN EQUATION BY THE METH!ID INTERVAL "ALVING 
REFERENCE 
NUMERICAL 'ET,!IDS WITH FORTRAN IV CASE STUDIES 6Y WILLIA. So D!IRN, AND DANIEL MCCRACKEN • PAGE 3.17 
THE RE~LIREC IN~UT ~ARAMETERS ARE 
IO • H•E LeG!CAL UNIT NUMBER OF THE ~RINTER MAXIT • T"E "AX!MUH NuMBER 6F ITERATIONS T~ BE ~ERFeRHED E~S • T"E TeLERENCE CF ACCURACY BETWEEN XL AND XR XL • T~E LEFT BRACKET 6F THE RO~T 
XR • T"E ~~G~T BRACKET OF THE ROOT 
N~R • T~E PRI~T SWITCH 
IF ~P~•GT•O PRINT EACH lTERATI~N IF NPR•E~•O PRINT ONLY INITIAL AND FINAL VALUES IF ~~R•LT•O PRINT N6TH!NG 














A FUNCTie~ SLePROGRAM IS ReQUIRED IN THE FeLL!IW!NG FeRM FeR PR!IPER!ISEC 2~ EXECUT!e~ 
FUNCT!e~ Fl~) 
F •}(••2• • .. ,0 
RETURN 
END 
AN EXTER'AL STATEMENT IS REQUIRED AT THE BEGINING !IF THE MAIN BISEC 32 PR!IGRA•• T~IS ALL!IWS !ITHER FUNCTI!INS T!l BE EVALUATED IN THE SAME BISEC 33 CeMPILATie' 
THE !IUT~~T ~ARAMETERS ARE 






























OCIUBLE FREC!SI~N F1 XL,xR,£PS,TWCI,YR,VL,Y,X,OELTA BISEC ~2 
•••••• THE FReGR4M STARTS HERE ••••• 
XLI • XL 
XRI • X,; 
TwCI • 2•CC3 
TWe • 2•C 
ICNT • C 





YR • F!)(R) 




B I SEC f2 




NFAIL • 1 
Ge Te 7C~ 
C!INTINUE 
























IF IMAXIT•IC'T I 85,85,86 
NFAIL • 2 
IF fNPRI 7C~•70~•9!2 
w~!TEI!~,eSIEPS,MAXIT 
G!i TO 7C~ 
X • IXL + XRI/TW6 




V • F()() 
leNT • IC~T + 1 
DELTA • XR•XL 
IF INPRIE2•62166 
WRITE I Ie,?tll ICNT,XL,YL•XR,YR•X,Y,DE·L TA 
CeNTINUE 




XR • x· 
YR • Y 
Ge Te 9c 
XL • X 
YL • Y 
c . . C IF EPS T6LERE'CE HAS N!JT BEEN ACHIEVED THEN TRY AGAIN c 




92 WRITE1Ie•9 3 1. XLI•xRI•XL•XR•ICNT 
9t·ceNTINuE 
C F6R ~6L8LE PIECIS!6N AL~.E20•8 SH6ULD BE CHANGED T!J D20•8 c 
88 F6RMATI//38H THE SUBR!JUT!NE BISEC 0!0 N6T ACHIEVE •EI5 ... ,2X17H T6L lERENcE AFTER •15•2XIOHITERATieNS I 
93 F6RMAT(J/IX36~THE iNITIAL VALuES F!JR XL AND XR ARE•2E20•8•t~OH THE 1 FINAL ~ALLE F!JR THE RD!JT IS BETWEEN,E20•8•5H AND •E20•8•11•15•27H 2 ITERATI6~S hERE PREFeRHED I . 
701 F6RHAT!I••7E16•81 
903 F!JRHAT1!~19~ITERAT!!JN3X2HXL!•X2HYL!"X2HXR!~X2HYR!5X!HX15X1HY!2X5HX IR•XL///1 
RETURN 
END 






C VISCesiT~ SUBR6UTINE1 F•114 
c 
SUBReUTINE VI5C(TC,PC,MWIT,NU,RH6V,ZCI 









IF(RH6R,GE• ,3) G6Te 3 
MU•(11••E>F(1es84•RHtJR)•11•)•1•E•OsiA+Mue 










ORDER OF MAGNITUDE ANALYSIS 
178 
179 
ORDER OF MAGNITUDE ANALYSIS 
Due to the complexity of Equations (4) and (5), simplification is 
necessary. To perform the order of magnitude analysis an additional 
equation is necessary, continuity (11): 
1 a(rVr) av --=-- + __ z = 0 
r ar az 
Rewriting the momentum balance equations (4, 5) 
[ avr avr v6 avr v6 avrJ p --+V --+-----+V -- = 
at r ar r ae r z az 
- .£.E.. + pg 
az r 
l a(rv ) a2v a2v a2v J + ll aar· (1/r _ ___;;;.r_ + l/ t2 __ r_ + ~ __ e + __ r_ ar ae2 r2 ae2 az2 
P favz + v avz + ve avz - vz avazz]= .£.E.. g + pg t at r ar r ae - ar c z 
a z 2 z z [ rav a
2v a2v ] 
+ ll 1/r a; (ar) + 1/r ----a8"2 + ~
Some terms in (4) and (5) may be eliminated on physical grounds. 
(4) 
(5) 
1) The gravitational terms can be omitted. There is no component 
of gravity in the z direction since the plate is horizontal. 
The maximum change in height in the z direction is roughly 
equal to the radiums hence the g term is negligible. z 
180 
2) The terms involving Va can be deleted since there is no fluid 
motion in the a direction or any force to induce a rotational 
motion. A manifestation-of a rotational motion in the vapor 
field would be a rotation of the drop; none is observed 
experimentally. 
3) Gradients of velocity in the a direction are zero since there 
is azimuthal or angular symmetry. The flow in the r and z 
directions is the same no matter what angle a they are viewed~ 
If there were gradients in the a direction there would be a net 
force to cause a lateral motion of the drop. The drop is 
assumed quiescent and lateral motion is usually only observed 
experimentally when the drop is disturbed by an external force. 
4) The transient terms are assumed to be the same order of magni-
tude as the convective terms·. There are no sudden pressure 
waves during the lifetime of the drop to cause a sudden 
acceleration. 
5) The physical properties are treated as constant values evaluat-
ed as the mean of the values at each boundary. 
Equations (4) and (5) can now be simplified as a result of the previous 
reasoning. 
· tavr av av ~ 
p -- + v --...!:. + v --...!:. = at r ar z . az 
~av · av av J p--z+V __ z+V __ z = 
at r ar z az 
aP 
-g -. -.-.• + 
c ar 
t ( a (rV )) ] a 1/r 'Orr a2vr J.l ar + --2 
. . az 
(52) 
av ) . z r·Tr 
ar 




Equations (52) and (53) are still much too complex for an analytica
l · 
solution. Further simplification can be effected by an order of 
magnitude analysis. 
Referring to Figure 6, the boundary conditions for the flow 
beneath the drop may be written as follows: 
1) 
2) 
V = 0 at Z = o z 
v = v r z 0 at
 Z 0 
Consider V in boundary conditions 1 and 2. From the information e
ither 
r 
V is uniformly zero or goes through a maxima at some intermediate v
alue 
r 
of Z. Obviously, there is a maximum value of V , V , at some po
int 
r rmax 
on the velocity profile. 
For convenience nondimensionalize equations (52) and (53) and the 
boundary conditions as below: 
Velocity Coordinates Pressure Time 




Vz/Vrmax vz z/R - z 
Substituting these expressions into (52) and (53) and the boundary 
conditions yields: 
Boundary Conditions: 
v* * o/R * = 0 @ z = = 0 r 
* * * v = vz 0 r @ z = 0 
Momentum: 
t * * av * av r r Te + vr ar* + v* av;j= z * az 
* _E_+_.l 
* R ar e 
t * * av * av __ z + V __ z_ + ae r * ar v* av.:]= z * az 





* * a(rv ) avz 
__ r;;-*- + ~ = 0 
ar az 
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, __ a_1_/_r_*----,.-a~r:..:.a~r-:_r:= + a 2:i (52 l r a (r*V. *) J 
l az 
av * 
t> _a __ r_:_r..:.!.;::.:_*_ + : ::~] (53) 
Examining the continuity equation, assign an order of magnitude to 
the radial gradient as follows: 
* * a(r V ) 
1* ---:-*.::cr_ "" 0 (1) at point r~ in the flow field 
r ar 





* * To find the magnitudes of V and V an approximate method can be r z 
used. 
* * av dV z z 
~"" * "" 0(1) az . dz 
integrating 
* v * 
/ * 1 * dV <::: 0(1) dz z 
0 0 
* * v 0(1) z z 
* * The maximum value of z is 0 , thus 
* * v <::: o (a ) z 




Cl(r V ) r 
* * r Clr 
Integrating 











* * d(r V ) r 
<::: <::: 
* * r dr 
* 







the maximum value of r is 1, thus 
* v <::: 0(1) 
r 
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* To find the magnitude of the gradient of V in the z direction the 
r 
following approximation is necessary: 




(V r)max - 0 
o* /2 - o 
1-0 0 ( 1*) 
"' o*/2 "' o 
Similarly for the second derivative 
* * !J.V 
r (V ) - 0 1 
1 r max 
"' -(-'o *;:_/..;::_2...:.;.-;:.:;.__o_) -=-2 "' -< o--::*=1 2-)-=-2 "' ( o * 2 ) 
An integral approach can be used to find the following partials 
* 
* * a(r V ) r 
a (1/r ) "' O(x) where x * 
* ar ar 
Integrate 
* 
0(1) * * J J (1/r* a(r V ) /) = O(x) 
0 
ar 0 
0(1) - 0 O(x) * * 0(1) r ' r "' 
O(x) "' 0 (1) /0 (1) "' 0(1) 
* 
Similarly for the gradient of v z 


















* z direction 
184 
* * O(x) ~ 0(1)/o ~ 0(1/o ) 
To find the gradients of 
approach is convenient. 
* * av dV z z O(x) --~--~ 
* * 'dr dr 
Integrating 
* * v r fz * O(x) J * dV dr z 
0 0 
* * v = O(x) r 
z 
* * * but r ~ 0 (1) and v ~ o (o ) , 
* '(JV 
z * -* = O(o ) 
'dr 
z 
v* in the z 
thus O(x) 
Similarly for the second partial 
* * avz 







* r direction an integral 
















* avz * 





"' O(o ) 
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* 
J * dr 
0 
The order of magnitude of all the terms in equations (52) and (53) have 
been determined. Simplification of (52) and (53) by the relative 
magnitude of term is as follows: 
* * . * ~ avr + v* avr + v* avr = - ap* + ...l:. _a_ (1// 
ae r * z * * Re * ar az ar ar 
a2v*] 
+ ----!- (52) 
az 
O(l) O(l) O(l) O(o*) O(l/o*) O(o*2) O(l) O(l/o*2) 
* * * * * * 
av z + v* av z + v* av z = _ ~ + ...l:.l...l:. a (r av z) 
r * z * * Re * * * ae ar az az r ar ar 
(53) 
o<o*) O(l) o<o*) O(l) O(o*) O(o2) 1/0(l) 
From Equation (52) the viscous and inertial forces are of the same 
magnitude when 
187 
(52) may be simplified by neglecting the inertial and transient terms 
on the L.H.S. and the radial gradient in the viscous term by their 
* order of magnitude. Compared to (52) all the tertns are O(o ) or less, 
* * hence negligible. The pressure gradient in the z direction aP /az. is 
* of O(o ). The pressure increase which would be obtained by integrating 
(53) would be of O(o*2), which is very small. Thus, the pressure in 
the direction normal to the plate is practically constant. 
Equation (52) now becomes 
* dP 1 --=-
-~~ Re 
dr 
Re < 1/o*2 (54) 
with boundary conditions 
* * v = 0 @ z = 0 r 
* * * v 0 @ z = 0 r 
APPENDIX L 
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CONFIGURATION FACTOR ANALYSIS 
The unit sphere method, as presented by Weibelt (37) is used to 
determine the pointwise configuration factor on the surface of the drop. 
Consider the geometry of the drop and plate as illustrated in Figure 
41. The unit sphere is placed at an arbitrary angle e. By examining 
the unit sphere the pointwise configuration factor may be derived. 
Consider the unit sphere as seen in Figure 42. For the case under 
consideration the configuration factor for a differential area at 
angle e is 
F dA-+plate 
Area of Darkened Portion Projected 
onto the Base of the Hemisphere 
Surface Area of Hemisphere Projected 
onto the Base of the Hemisphere 
(55) 
The projection onto the base of the hemisphere of the darkened portion 
is seen also in Figure 42. Equation (55) can be reduced to: 
F dA-+plate 
2 
~TI(l) +~(Area of ellipse) 
TI(l) 2 
where the area of an ellipse is 
Area TIAB 
A and B are the lengths of the semi-axes. Equation (52) may now be 
(56) 
















surface area of hemisphere of darkened 
= portion projected onto ba.se of hemisphere 
surface area. of hemisphere projected 
onto the base of the hemisphere 
= 1/2 7T(ll2 + lf2 (area of ellipse) 
7T(l)2 
=1rAB 
= lengths of semi-axes 
FdA- Pla.te = 
7T/2 + 7T(l)~COS 9) 
7T 
= 
I+ COS 9 
2 
Figure 42. Configuration Factor 
F dA+plate 
rr/ 2 + rr(l)icos8) 
Tf 




A plot of equation (57) is seen in Figure 43. The average configur-
ation factor over the top and bottom halves of the drop may be determin-





where, dA = 2rrR2sin8d8. 
dA 
The analysis for the bottom half of the drop is as follows: 
rr/2 







sin8d8 + ~ J sin8cos8d8 
0 
A similar analysis for the top half of the drop yields 
F l l .25 A +p ate 
where the limits of integration are from rr/2 to rr. 
(58) 
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There are several possible sources of error that could affect the 
experimental observations. Errors in measuring the temperature and 
pressure in the cell have been minimized by calibrating the thermocouples 
and pressure gauges. These calibrations are found in Appendices H and I. 
The movie camera was timed after each experimental run to determine 
the filming speed. The process consisted of filming an electric stop 
clock for a given period of time. The number of frames per second could 
then be calculated by measuring the elapsed time between a given number 
of frames. 
Errors in measurement of drop diameters were minimized by using the 
Vanguard Motion Analyzer. The moveable cross hairs were readable to 
.001". Drop diameter measurements were taken in the x andy directions 
on the screen. The diameters determined in the x and y directions were 
obtained by differences which helps to reduce errors. The arithmetic 
average of these values were used in plotting the data to further 
eliminate errors. 
The largest source of error in determining drop diameter histories 
was foreign material on the plate surface. A speck of material could 
penetrate the vapor film beneath the drop and alter the boiling mechanism. 
In the most dramatic cases the drop could be observed to "hang up" on a 
spot and rapidly disappear. This was usually a clue to the experimenter 
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that it was time to clean the surface again. Other times the behavior 
was not quite so noticeable, in which case, the deviant behavior could 
be observed in the diameter versus time plots. The curve would have 
the same general shape as the other drop curves except the deviant 
curve would appear to be shifted to the left of the plots. The only 
way to eliminate these bad points was to take data on several drops at 
a given plate temperature. Thus, a drop with suspicious behavior could 
be compared to other hopefully better behaved drops. 
The other source of experimental error of drop diameter histories 
was determination of the end of a drop's lifetime. During the filming 
the drop was observed by the experimenter through a telescope. When 
the drop had totally evaporated the camera was shut off as an indication 
of the death of a drop. Reaction ;time of the observer and inertia of 
the camera mechanism would cause the filming to go slightly past the 
end of the drop's lifetime. When the film was analyzed, the drop's 
death could be detected to within three frames. Thus, the uncertainty 
in the drop lifetime can be expressed as 
L'lt 3/(frames per second), sec 
At the lowest filming speed of 12 fps for F-114. the uncertainty, L'lt, 
would be 1/4 second. The lower film speeds were used at low pressure 
where the drop lifetimes were relatively long. At the critical region, 
film speeds of 64 fps were used since lifetimes were short. This yields 
an uncertainty of approximately 1/20 of a second, which is small 
compared to the drop's lifetime. 
